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Figure 10(a) shows the intercalated hBN has five prominent FTIR bands: 1600 1370, 1250, and
750 cm™' bands and a broad 3700 to 2700 cm ' band. The 1370 and 1250 cm ™' bands do not seem to be
affected by moisture absorption when exposed to ambient air. The other three bands, however, have
changes in shape, position, and size as the intercalated hBN absorb moisture during ambient air exposure.
Comparing to these five bands, Figure 10(b) shows pure FeCl; has three prominent FTIR bands, all of
them changes during moisture absorption, and all of them are near the wavenumbers of the three bands in
Figure 10(a) that change during moisture absorption. It is therefore believed that the FTIR changes for the
intercalated hBN result from moisture absorption, as seen in Figure 10(a), and are due to the interaction
between water and the intercalated FeCls.

Furthermore, it is observed that the shape, position, and/or size of the three bands in Figure 10(a) that
change during moisture absorption have noticeable differences from the three prominent bands in
Figure 10(b). Their change patterns during moisture absorption were also different. This indicates
intercalated FeCls is not the same as pure FeCl;, and suggests the possibility that there are interactions
between hBN and FeCls, and their interactions change during moisture absorption.
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The double-band near 1600 cm™' (described earlier as the peaks for strained hBN layers and FeCls,
respectively) was again observed in the FTIR of the intercalated hBN without hydration (curve ii of
Fig. 10(a)). The fact that this double band became single after the sample begin to pick up moisture
suggests water causes the intercalated FeCl; to rearrange during hydration, and hence reduces the internal
stress and strain.

After 189 h of ambient air exposure, both hydration-related bands (3700 to 2700 cm ' and 757 cm™")
were reduced, but the 1380 to 1280 cm ' band, which was not effected by hydration, still did not change
much. It appears that water caused some reactions and consequently was consumed. However, no new
compounds were detected by FTIR or XRD during this period.

To further study the effects of water, a new intercalated product (A4 in Table I) was exposed to
100 percent relative humidity, room-temperature air for 24 h to gain as much water as possible. The fully
hydrated product gained 141 percent mass and became viscous and pastelike. It was further treated in
300 °C air for 3 h and eventually in 35 wt% HCI for 24 h to remove all intercalates. Figure 10(c) shows
its FTIR data and the FTIR data of the products obtained during this process. The large quantity of water
mass increase was reflected by the complete overlap of the hBN 760 cm ' band and the hydrated FeCl,
679 cm ' band. The water was tightly bounded to the product, as the large and broad water-related 3700
to 2700 cm™' band could not be completely removed during the subsequent 300 °C air heating. However,
both the intercalation effects and the hydration effects were completely reversed to the state of the
original reactant after the final HCI treatment to remove all intercalate.

In summary, upon exposing the hBN intercalated with FeCl; to ambient air, it adsorbed moisture in
air quickly, between 1 and 2 h. The moisture in the sample is in the form of iron chloride hydrate (from
FTIR data) and is likely to be in the hBN layers (from XRD data). The amount of moisture adsorbed
depends on the humidity of the air. Data in this research showed 11 percent mass gain at room
temperature and 26 to 27 percent relative humidity. Upon continuous ambient air exposure, water in the
sample is believed to cause some reactions and consequently was consumed. If the ambient air is close to
100 percent humidity, the changes are similar in trend, but are extreme. In that case the adsorbed water
was measured to be 141 percent of the sample’s dry mass. During ambient air exposure, the lattice
structures change, but are not irreversibly destroyed, as the original hBN FTIR data can be largely
restored by treating this product with 35 wt% HCI.

3.5 Stability in Dry Air

A sample of an intercalated product (A3 in Table I) was scanned by XRD immediately after it was
synthesized. Two samples of the same product were stored in dry air for 23 and 185 days, respectively, and
then scanned. Table III shows the lattice parameter ¢ and the peak width from these three scans. It appears
that the intercalated hBN underwent a slow change in dry air. The mass data, however, shows the changes in
the chemical compositions during this period were within experimental error.

TABLE III.—XRD ANALYSIS OF INTERCALATED hBN SAMPLE A3" (TABLE I
AND FIG. 2): LATTICE PARAMETER ¢ AND (002) PEAK WIDTH (FWHM)
MEASURED AT THREE DIFFERENT STORAGE TIMES DURING WHICH

THE SAMPLES WERE IN DRY AIR

XRD scanning | Storage time, | Lattice parameter ¢ from | FWHM from scanning
dataset days scanning dataset,” dataset,”
A deg
Pure hBN --- 6.6585 0.01
reactant
1 0 6.6565 0.05
2 23 6.6584 0.06
3 123 6.6585 0.06

*Samples were prepared in ambient air for about 5 min before XRD scanning.
"Error estimated to be +£0.0005 A for ¢ values.
“Error estimated to be £0.01° for FWHM values.

NASA/TM—2014-218125

16




3.6  Toward White Graphene Fabrication

The exfoliated hBN layers obtained in this research are still much thicker than white graphene.
Further exfoliation is needed if producing white graphene is the long-term scientific and engineering goal.
For additional exfoliation, results in this research point to the direction of adding more water into the
intercalated products, heating the intercalated-hydrated product to higher temperature at higher rate, and
conducting more cycles of intercalation-hydration-heating for exfoliation. In addition, smaller platelets,
with fewer layers and less area to split, may exfoliate more extensively than the larger ones. To test these
suggestions, hBN with small platelets was intercalated (A5 in Table I), exfoliated, rinsed, intercalated
again, hydrated, exfoliated again, and then rinsed with HCI according to Reactions (2), (3), (6), (7), and
(8). For a high heating rate in Reaction (7), the exfoliation was conducted by heating the sample at 750 °C
where both the furnace and the sample holder were preheated. For a high degree of hydration, the sample
was placed in 100 percent relative humidity environment for 7.5 h, resulting in a 36.4 percent mass gain.
The final product was the most extensively exfoliated so far in this research (Fig. 11). Observed from the
FESEM operated at 6 kV, all hBN platelets that can be examined for exfoliation show that the exfoliated
layers are about 20 nm thick or less.

Figure 11.—FESEM images of different views of intercalated small-platelet sample hydrated at 100 percent relative
humidity for 7.5 h with 36.4 percent mass gain before second exfoliation at 750 °C in preheated furnace and
sample holder.
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Figure 12.—Images of exfoliated hBN layer from FESEM operated at 0.5 kV, able to view a total thickness of <5 nm.
(a) Multiple transparent layers. (b) Expanded view of section | in part (a). Expanded view of section Il in part (a).

Using carbon adhesive tape, a sample was peeled to remove the top layer and then examined under
FESEM at 0.5 kV (Fig. 12). The top view of an exfoliated platelet shows multiple semitransparent layers.
Based on the Kanaya-Okayama penetration depth formula, the total thickness of the multiple
semitransparent layers need to be less than 5.5 nm in order to let the 0.5-kV electrons give them a
semitransparent appearance.1

Producing even thinner exfoliated layers or nanosheets seems likely with additional cycles of
intercalation and exfoliation. However, further research is needed in order to evaluate the potential of
using these reactions to mass produce white graphene.

4.0 Conclusion

After treating a mixture of hexagonal boron nitride (hBN), FeCls, and NaF at 290 to 355 °C in a
nitrogen environment, a new product was obtained and examined. The changes of the lattice parameter,
the widening of the hBN (002) peak in x-ray diffraction (XRD), the shape and size changes of the hBN
peaks in Fourier transform infrared (FTIR) spectra at 1383 and 1277 cm ', the appearance of new fourier
transform infrared peaks at 3700 to 2700 and 1600 cm ', the mass increase data, the observed iron

! Let the average atomic weight (4) be 12.5, atomic number (Z) be 6, and density (p) be 2 g/cm’ in the formula
H=(0.0276 A V"")/(Z ¥ p), for the hBN, where H and ¥ are penetration depth in pm and voltage in kV,
respectively. The electrons need to travel through the layers, hit the subject underneath, and travel through the layers
back to be detected in order to give the layers a semitransparent appearance in the FESEM micrograph.
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distribution in the micrographs and energy dispersive x-ray spectroscopy (EDS) of field emission
scanning electron microscopy, and the fact that the hBN can be exfoliated to 20 nm after heating this
product to 750 °C, collectively make a strong case that FeCl; was located between the hBN layers in this
product. That is, the hBN was likely intercalated with FeCls. The fact that these changes were extended
and exfoliation was enhanced after the product adsorbs moisture from air suggest the adsorbed water was
also intercalated into the hBN layers. The difference between this experiment and the previous ones
where intercalation was unsuccessful is that NaF was used as the activation chemical.

After the reaction of FeCl; and NaF to form the intercalation compound, shape changes of the hBN
broad FTIR band (peaked at 1277 cm ') and the appearance of the new band at 1600 cm ™' were observed.
The new FTIR band at 3700 to 2700 cm ! is similar to the pure FeCl; FTIR band at the same wavenumber
range. However, some of their differences suggest the intercalated FeCls is different from the pure one
and there are hBN-FeCl; interactions in the intercalated product. Overall, the FTIR data suggest a change
in the chemical properties of the intercalated product from the precursor hBN. These new chemical
properties may be further developed to make products such as composites with special electrical, thermal,
and mechanical properties.

This result brings into focus the comparison between hBN and graphite: Both materials can be
intercalated with FeCls, and both can be exfoliated after intercalation, although the mechanisms behind
their respective intercalation and exfoliation may have some differences. The comparison between
graphite and hBN can now be moved to a new level: Graphite intercalation and exfoliation has been
scaled up for engineering and industrial applications such as Grafoil or graphene. Can hBN use the
graphite technology as the reference to do the same?
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